Three Apium graveolens (L.) varieties and cultivars within varieties were evaluated for host plant suitability to two polyphagous lepidopteran herbivores: the beet armyworm, Spodoptera exigua (Hiibner), and the cabbage looper, Trichoplusia ni (Hiibner). Overall, there were no significant differences in survivorship, developmental time, and pupal weight of S. exigua or T. ni reared on the two varieties A. graveo/ens var. dulce and A. graveolens var. rapaceum. Intravarietal differences did exist between cultivars of A. graveolens var. rapaceum; S. exigua reared on 'Kockanski' had a significantly lower mean survivorship to pupation (27.5 versus 82.5%), a significantly longer mean time to pupation (18.5 versus 13.7 d), and a significantly lower mean pupal weight (37.6 versus 75.0 mg) than S. exigua reared on 'PI 223333', a different cultivar of A. graveolens var. rapaceum. In contrast to the response of S. exigua, there were no significant differences in the life history variables among T. ni reared on the same cultivars of A. graveolens var. rapaceum. Quantitative nutritional analysis showed that the differential response of S. exigua and T. ni to the two A. graveolens var. rapaceum cultivars was caused by inability of S. exigua to compensate for reduced efficiencies of conversion of 'Kockanski' to larval biomass. Variation in total nitrogen contents were not responsible for the observed variation in compensatory abilities.
THE BEET ARMYWORM, Spodoptera exigua (Hubner) , and the cabbage looper, Trichoplusia ni (Hubner), are polyphagous noctuid herbivores that are serious pests of vegetable crops throughout the United States and Mexico (Metcalf et al. 1962) . Insecticide resistance has been detected in populations of both species (McEwen & Splittstoesser 1970 , Brewer & Trumble 1989 ) and this, coupled with an increasing public concern over the environmental consequences of conventional insecticide use, points to the need to develop environmentally sound pest control strategies.
Host plant resistance to insect herbivores is one such strategy that can be an important component of an integrated pest management (IPM) system (Kennedy et al. 1987) . Antibiosis, antixenosis, and tolerance are the three traditionally recognized types of host plant resistance (Painter 1951 , Kogan & Ortman 1978 ; of the three, antibiosis has the greatest potentia] against highly mobile and po-]yphagous insect pests like S. exigua and T. ni (Kennedy et al. 1987) .
Antibiosis refers to those properties of a plant that detrimentally affect the life of an insect her·· bivore (Painter 1951) and can be manifested in severa] ways, including reduced fecundity, decreased size, increased developmental time, and increased mortality. Because antibiotic host plant resistance essentially reduces the suitability of a plant as a food source, an understanding of how antibiosis occurs must focus upon the nutritional ecology of the plant-herbivore system.
Quantitative analysis of the consumption and utilization of host plants by insect herbivores is a commonly used too] in studies of plant-herbivore interactions (Scriber & Slansky 1981, S] ansky & Scriber 1985 , Tabashnik & S]ansky 1987 . Variables describing the consumption of food by an herbivore, how well this food is converted to herbivore biomass, and the rate at which the herbivore grows can lead to an understanding of how particular insect species respond to variation in host plant suitability.
Although the interactions among nutritional variables can be complex (Scriber & Slansky 1981, S] ansky & Scriber 1985) , they usually provide a good overall picture of nutritional dynamics. For example, analysis of nutritional variables following the observation that an herbivore has a lower growth rate on one host plant when compared with another, might show that the reduced growth rate is due to reduced consumption rate (a behavioral response), to decreased efficiency of food conversion to biomass (a physiological response), or both. Similarly, in a situation where there are no observed differences in growth rates of an herbivore on different host plants, we might expect to see compensatory responses of the herbivore to variations 0046-225Xj91jl636-1644$02.00jO
© 1991 Entomological Society of America ifornia mix) and moved to a glasshouse. From this point on, the plants were handled as described above.
Bioassays. Excised leaves and petioles used in the bioassays described below were taken from fieldgrown plants in the 'vegetative growth stage. Variation in the physical age of leaves and petioles was minimized as much as possible by selecting fully expanded leaves and petioles from the outer areas of the rosette. All bioassays were conducted under uniform environmental conditions (26 ± 1DC,40-60% RH, and 16:8 [L:D)), Initial Screening of A. graveolens Cultivars. Thirt~en A. graveolens cultivars were initially evaluated for first-instar S. exigua survivorship (Table  1) . Ten to thirty newly emerged larvae were placed in a plastic Petri dish (8 em diameter) lined with moistened filter paper with an excised leaf from one of the A. graveolens cultivars. Each Petri dish was sealed with a Parafilm (American National Can, Greenwich, Conn.) strip and placed in an environmental chamber. The number of larvae successfully molting to the second instar was recorded. This experiment was repeated from two to four times for each cultivar.
Three cultivars were selected for further evaluation; two A. graveolens var. rapaceum (celeriac) cultivars, United States Department of Agriculture Plant Introduction numbers 223333 ('PI 223333') and 357333 (also known as cultivar Kockanski), and an A, graveolens var, dulce (celery) cultivar, Tall Utah 5270R (hereinafter referred to as '5270R'). The two A. graveolens var. rapaceum cultivars were chosen on the basis of availability and because they represented extremes of survivorship (71 versus 25%) in a taxonomic group where most of the variation in survivorship appeared to occur (Table  1) Plants. Seeds and seedlings of thirteen A. graveolens cultivars from three varieties (Table 1) were sent to us by C. F. Quiros, Department of Vegetable Crops, University of California, Davis. The terms variety and cultivar are used here in the botanical rather than the horticultural sense, with the variety being the recognized taxon immediately below species (referred to by some authors as "subspecies") and cultivar designating minor variants or hybrids of economic or aesthetic importance (Benson 1979) .
Seedlings were transplanted immediately upon arrival into 15.2-cm (6-in.) pots containing a University of California mix (Matkin & Chandler 1957) . These plants were maintained in a glasshouse until they were:::::15 em tall. They were then transplanted to a field plot at the University of California Agricultural Operation, Riverside, where they were maintained under conventional growing conditions (Sims et al. 1977) .
Seeds of the three cultivars chosen for further study were planted in steam-sterilized silica sand and allowed to germinate in a temperature-controlled room (26 ± 1dc). Seedlings were later transplanted to steam-sterilized soil (University of Calin host plant nutritional quality (e.g., increased consumption rate to offset decreased utilization efficiencies) (Tabashnik & Slansky 1987) .
Here, we evaluated two Apium graveolens L. varieties and two cultivars within one of the varieties for levels of antibiotic resistance to S. exigua and T. ni. Both insect species were tested because we were interested in how these ecologically similar, serious pests of commercially grQwn celery in California (Toscano 1979 , Van Steenwyk & Toscano 1981 responded to variability in host plant suitability and, although resistance against either species would be an important component of any IPM system, host plant resistance against both species would be desirable (Smith 1989) . We also conducted a quantitative analysis of the consumption and utilization of each cultivar by larvae of both species and attempted to assess the nutritional quality of each cultivar by measuring total organic nitrogen and water contents. Vol. 20, no. 6 in commercial celery operations throughout California and serves as a reference point to evaluate the suitability of the other cultivars. '5270R' is also a member of a different variety than the other two cultivars and so provided us with an opportunity to look at the overall variation between the two A. graveolens varieties dulce and rapaceum by pooling results from the two rapaceum cultivars.
Survivorship, Developmental Time, and Pupal Weight. Twenty newly emerged larvae were placed in a plastic Petri dish (8 cm diameter) lined wilh moistened filter paper with an excised leaf from one of the three cultivars. Each Petri dish was sealed with a Parafilm strip and placed in an environmental chamber. Larvae were counted and transferred to a clean Petri dish and fresh leaves daily.
After the molt to the third instar, larvae were transferred to petioles (leaves still attached) and enclosed in cages constructed from I-liter paper cans, of which one end had been replaced with a fine-mesh organdy. The other end of the can was modified to fit over the neck of a 125-ml Erlenmeyer flask. A petiole was placed in the waterfilled flask, and the modified paper can was placed over the petiole and held in place by a clamp attached to a ring stand. A maximum of five larvae was enclosed in each cage. Petioles were changed every 2 d, and the larvae were monitored daily 1:0 pupation. This experiment W:,lS replicated three 1:0 four times for S. exigua (initially 60-80 insects per cultivar) and five to six times for T. ni (initially 100-120 insects per cultivar).
Nutritional Variables. The consumption and utilization of the three cultivars were measured for penultimate (fourth) and final (fifth) instars of both species using a standard gravimetric technique (Waldbauer 1968) . Measurements for T. n1 were made in December 1987 and January 1988 and for S. exigua in September 1988. Celery is grown commercially year-round in California.
Larvae were reared from eclosion to the appropriate instar on foliage of the cultivar upon which they were eventually assayed. Twenty newly molted fourth and fifth instars of each species were set up on each cultivar (20 larvae x 2 instars x 2 species x 3 cultivars = 240 insects), but nutritional variables were calculated only for those individuals that completed the instar.
All of the calculations used to determine the variables of growth, consumption, and feeding efficiency were based on dry-weight determinations made after the tissue had been oven dried at 50°C to a constant weight. A split-leaf design was used in this experiment, in which each leaf was cut in two along the midrib. One-half of the leaf was saved and used to provide a measure of foliar water content; the other half was fed to the larva. The initial dry weights of the larvae were estimated by determining the average percentage dry weight of a group (n = 10) of newly molted larvae reared on the same cultivar, then using this value to con·· vert daily fresh-weight values to estimated dry weights. The initial (rather than the mean) biomass of each larva was used in all calculations to ensure independence of consumption and growth rates and the efficiency of conversion (Farrar et al. 1989 ). The variables RCR, and RGR, both carry the subscript i to indicate that the initial biomass was used in their calculation.
Variables were calculated using previously reported formulas (Waldbauer 1968 , Scriber 1978 , Farrar et al. 1989 and are defined as follows:
• Relative consumption rate (RCR;) = milligrams of biomass ingested per milligrams of larval biomass per day. 
ECI.
Nitrogen Analysis. The dried leaf halves taken for the determination of water content were pooled for each larva, and a total nitrogen determination was made using the micro-Kjeldahl technique (McKenzie & Wallace 1954) (Model 1009 digestor and 1002 distilling unit, Tecator AB, H6ganas, Sweden). The technique was modified by replacing the mercuric oxide catalyst with copper sulfate and by using bromocresol green in place of methylene blue as an indicator (Trumble & Hare 1989) .
Statistical Analysis. First-instar survivorship of S. exigua from the initial screening was analyzed using single-classification analysis of variance (ANa VA) for each variety with differences among cultivars determined via Tukey's HSD test. Survivorship and the nutrilional variables for each insect species and the water and nitrogen content of foliage from different cultivars were analyzed via single-classification ANOV A. Developmental time and pupal weight for each insect species were analyzed using a nested design to accommodate potential variation among trials. Orthogonal contrasts were used to determine differences between varieties (A. graveolens var. dulce versus the A. graveolens var. rapaceum cultivars pooled) and the differences within A. graveolens var. rapaceum ('Kockanski' versus 'PI 223333') . Statistical analysis on all data was performed using an ANOV A procedure for unbalanced experimental designs (SAS Institute 1985) .
The micro-Kjeldahl nitrogen determination provided a measure of the average nitrogen content of the foliage fed to each larva during either the fourth or fifth instar. These data were paired with the average water content of the same leaf halves, and correlation analysis was performed using a canonical correlation procedure (PROC CANCORR) (SAS Institute 1985) to determine if there was a relationship between water and nitrogen content. The data from the foliage fed to S. exigua and T. ni were analyzed separately because the foliage was collected at different times of the year.
To account for possible gross nutritional differences among the cultivars, we performed an analysis of covariance (ANCOVA) (Sokal & Rohlf 1981) for fourth-and fifth-instar S. exigua and T. ni (2 instars x 2 species = 4 ANCOVAs) on the growth rates (RGR;'s) of each larva using the mean nitrogen content of the foliage fed to each larva as the covariate. The results from each ANCOV A would indicate if the response of the larvae to variation in nitrogen was uniform across cultivars, if the regression line calculated for the pooled data accounted for a significant portion of the observed variation, and if the mean RGR,'s of the larvae reared on each cultivar differed significantly after adjusting for differences in nitrogen among cultivars. A fundamental assumption of ANCOV A is that the response of larvae reared on the three cultivars is uniform and that the pooled regression is significant before the test for differences among adjusted means is valid (Sokal & Rohlf 1981) .
Results
Initial Screening. Significant differences in firstinstar survivorship were observed among cultivars within A. graveolens var. rapaceum (F = 3.23; df = 4, 11; P :5 0.05) (Table 1) , but no significant differences were observed among cultivars in A. graveolens var, dulce (F = 0.21; df = 2, 7; P :5 0.81) or A. graveolens var. secalinum (F = 1.12; df = 4, 11; P :5 0.39).
Survivorship, Developmental Time, and Pupal Weight. There were no significant differences between S. exigua reared on A. graveolens var. dulce and the A, graveolens var. rapaceum cultivars (Table 2) . In contrast to the results obtained with S. exigua, no significant differences either between or within varieties were observed for T. ni (survivorship: F = 3.83; df = 2, 10; P ::; 0.06; developmental time: F = 3.64; df = 2,9; P :5 0.07; pupal weight: F = 0.86; df = 2, 11; P ::; 0.45) ( Table 2) .
Nutritional Variables. Fourth-and fifth-instar S. exigua reared on A. graveolens var. dulce consumed significantly more leaf tissue than larvae reared on the A. graveolens var. rapaceum cultivars pooled. The ECD and ECI of fourth instars reared on A. graveolens var. dulce also were significantly lower than those of larvae reared on the A. graveolens var. rapaceum cultivars pooled (Tables 3 and 4). The AD of fifth instars reared on A. graveolens var. dulce was significantly greater and the ECD was significantly lower than those of larvae reared on the A. graveolens var. rapaceum cultivars pooled (Tables 3 and 4) .
The patterns of differences in the nutritional variables of S. exigua larvae reared on the A. graveolens var. rapaceum cultivars were consistent between the fourth and fifth instars. Larvae reared on 'Kockanski' consumed significantly less leaf tissue and grew significantly slower than larvae reared on 'PI 223333' (Tables 3 and 4 ). The ECDs and ECls of larvae reared on 'Kockanski' also were significantly lower those of larvae reared on 'PI 223333' (Tables 3 and 4) .
Fifth-instar T. ni reared on A. graveolens var. dulce consumed significantly more leaf tissue, grew significantly faster, and were significantly less efficient at converting food to biomass than larvae ENVIRONMENTAL ENTOMOLOGY Vol. 20, no. 6 reared on the A. graveolens var. rapaceum cultivars pooled (Tables 3 and 5 ). There were no significant differences between the nutritional variables of fourth-instar T. ni reared on the two varieties (Tables 3 and 5) . Within A. graveolens var. rapaceum, fourth-instar T. ni grew significantly slower on 'Kockanski' than on 'PI 223333' but did not consume a significantly different quantity of tissue (Tables 3 and  5 ). The ECI of larvae reared on 'Kockanski' was significantly lower than that of larvae reared on 'PI 223333' (Tables 3 and 5 ). Fifth-instar T. lli reared on 'Kockanski' consumed significantly more leaf tissue than larvae reared on 'PI 223333', but increased consumption caused no difference in growth rates (Tables 3 and 5 ). The AD and ECI of larvae reared on 'Kockanski' were, however, significantly lower than those of larvae reared on 'PI 223333' (Tables 3 and 5) .
Water and Nitrogen Content of Foliage. The water content of the A. graveolens var. dulce foliage fed to larvae was significantly greater than that of the foliage from the A. graveolens var. rapaceum cultivars pooled in all experiments. The nitrogen content of the A. graveolens var. dulce foliage also was significantly lower than that of the A. graveolens var. rapaceum cultivars pooled for fourth-and fifth-instar T. ni but was significantly higher for fourth-instar S. exigua (Table 6 ).
The water content of the 'Kockanski' foliage fed to the larvae was significantly greater than that of the 'PI 223333' foliage in all experiments. The ni- trogen content of the 'Kockanski' foliage fed to fourth-ins tar T. ni was significantly less than that of the 'PI 223333' foliage, whereas the opposite was true for foliage fed to fourth-instar S. exigua (Table 6) .
The water and nitrogen contents of 'PI 223333' foliage fed to S. exigua were positively correlated (r 2 , 0.41), but none of the other correlation coefficients were significantly different from zero (S. exigua '5270R': r 2 = 0.21; F = 2.29; df = 1,33; P s 0.23; S. exigua 'Kockanski': r 2 = 0.28; F = 2.14; df = 1, 25; P s 0. ANCOVA. Scatter plots of the RGR/s of individuallarvae versus the mean nitrogen content of the foliage fed to each larva illustrate the effect of total foliar nitrogen on fourth-and fifth-instar S. exigua and T. ni (Fig. 1 ). Significant overall regressions were obtained for fifth-instar S. exigua (r 2 = 0.56; b = -0.28; df = 1, 48; P S 0.01) (Fig. 1 ) and fourth-instar T. ni (r 2 = 0.81; b = 0.93; df = 1, 40; P S 0.01) (Fig. 1) . The mean RGR/s of fifth- instar S. exigua reared on the different cultivars were significantly different (F = 4.32; df = 2, 40; p .s 0.05) after adjustment for nitrogen content of the foliage, but the pattern of differences was the same as for the unadjusted values presented in Table 4. The response of fourth-instar T. ni to variation in nitrogen differed significantly among cultivars as shown by a significant test for heterogeneity of slopes (F = 3.72; df = 2, 38; P .s 0.05). A test of differences among adjusted means was not appropriate in this case.
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it is not surprising that we observed no significant variation between varieties. Quantitative analysis of the consumption and utilization of each cultivar showed differences among cultivars in the nutritional ecology of S. exigua and T. ni. Fourth-instar T. ni performed equally well on both A. graveolens varieties, but the fifth instars compensated for the less efficient conversion of A. graveolens var. dulce foliage into larval biomass by increasing their rate of consumption and actually growing faster on A. graveolens var. dulce than on the A. graveolens var. rapaceum cultivars pooled. Within A. graveolens var. rapaceum, fourth-instar T. ni reared on 'Kockanski' grew more slowly than larvae reared on 'PI 223333', but fifth instars could (once again) compensate for less efficient conversion of ingested food to biomass by consuming more food. This increased consumption rate allowed them to maintain a growth rate equal to that of larvae reared on 'PI 223333'. The T. ni used in these experiments were from a colony that was reared on artificial diets for >20 yr with no introductions of new genetic material, yet retained the ability to effectively utilize all three cultivars and compensate for differences in suitability among them.
Like T. ni, S. exigua reared on A. graveolens var. dulce could compensate for less efficient conversion of foliage to larval biomass by increasing their consumption rates over those of larvae reared on the A. graveolens var. rapaceum cultivars pooled. In contrast to larvae of T. ni, those of S. exigua not only failed to compensate for the less efficient conversion of 'Kockanski' to biomass by increasing the rate of consumption, but consumption rates of S. exigua reared on 'Kockanski' were significantly lower than those of larvae reared on 'PI 223333'. The combined effect of these factors was a slower growth rate for larvae reared on 'Kockanski' than on 'PI 223333'.
In many cases, leaf water content is positively correlated with foliar nitrogen, and larval growth rate is positively correlated with both of these factors (Scriber & Slansky 1981 , Scriber 1984 . Our analysis of nitrogen and water contents of A. graveolens cultivars did not provide such a simple explanation for differences in cultivar suitability.
Although there were significant statistical differences in water content among cultivars, the effect of these differences on host suitability were probably small. Scriber (1978) has shown that, for many lepidopteran species, water contents >70-75% fresh weight have little effect on growth or nitrogen accumulation rates. The lowest mean water content for any of our cultivars was 79.2%; thus, all of our observed, statistically significant variation probably occurred at levels greater than the insects' nutritional needs. Also, the differences in water content did not parallel differences in host suitability (i.e., the cultivar with lowest water content was not the least suitable one for growth and development). 
Discussion
Antibiotic host plant resistance to insects can be expressed in a number of ways, including decreased survivorship and increased developmental time (Painter 1951) . Based on these criteria, there was no difference in the expressed levels of resistance (or, conversely, suitability) to both herbivore species between the two A. graveolens varieties when the two A. graveolens var. rapaceum cultivars were pooled, but there was a difference in the resistance to S. exigua between the cultivars within the variety rapaceum. In other words, there was more significant variation within varieties that between varieties.
This result was largely because the two A. graveolens var. rapaceum cultivars were chosen, in part, on the basis of their apparent differences in suitability (Table 1) . Because the suitability of the sole A. grave91ens var. dulce cultivar was between that of the two A. graveolens var. rapaceum cultivars, The growth rates of forb-feeding insects might be more closely tied to nitrogen content of foliage than the water content (Scriber 1984) . Our AN-COY A indicated that there was a significant effect of nitrogen on growth rate in only one of four cases. In the case where an effect was detected (fifthinstar S. exigua), the correlation between RGR; and nitrogen content was negative (Fig. 1) . This result is the opposite of what we would expect if nitrogen was the major source of the observed nutritional variation among cultivars and indicates that another factor or factors is responsible for this variation.
Our results are not the first to question the overriding importance of the role of nitrogen in S. exigua nutritional ecology. Griswold & Trumble (1985) found that later-instar S. exigua feeding on the A. graveolens var. dulce cultivar '5270R' preferred the less nutritional petioles (nitrogen content, 1.8-2.0%) over the more nutritional leaves (nitrogen content, 4.1-4.2%). Results from both studies indicate that nitrogen accumulation may not be the most important ecological hurdle that S. exigua feeding on celery has to overcome.
Compensation for poor nutritional quality of a host plant is a well-established phenomenon (see reviews by Scriber & Siansky 1981 , Siansky & Scriber 1985 and is viewed as a mechanism by which insect larvae can maintain an ecologically important variable (such as growth rate) within an optimum rage when faced with a variable environment. For example, Siansky & Feeny (1977) found that Pieris rapae L. larvae reared on plants with a low nitrogen content consumed food faster than larvae reared on plants with a high nitrogen content and consequently grew at a rate equal to that of larvae reared on the high-nitrogen plants.
The results of the ANCOV A coupled with the fact that S. exigua larvae could compensate for the poor efficiencies of conversion on A. graveolens var. dulce lead to a possible explanation for the apparent inability of S. exigua to maintain a high growth rate on 'Kockanski'. If there is some mortality factor present in 'Kockanski' (e.g., an allelochemical) that cannot be effectively neutralized by S. exigua larvae when consumed at a high rate, we could expect to see lower growth rates. Higher consumption rates might result in greater mortality than decreased growth rates and, because the primary ecological goal is to optimize survivorship to reproduction, this may be best accomplished by maintaining lower growth rates (Slansky & Feeny 1977 , Scriber & Siansky 1981 .
Host plant resistance can be an important component of IPM systems, and antibiosis should be the most useful modality of resistance against highly polyphagous and mobile pest species such as S. exigua and T. ni (Kennedy et al. 1987) . In computer simulation models of another polyphagous lepidopteran, Helicoverpa zea (Boddie), on corn genotypes possessing various levels and types of resistance, Kennedy et al. (1987) found that earIy-or late-instar host plant-induced mortality substantially reduced H. zea populations and that antibiosis was more effective than antixenosis or tolerance in reducing H. zea populations in neighboring crops.
Host plant resistance against these two pests has been studied and is important in other systems. Plant genotypes resistant to T. ni have been identified in soybean (Leudders & Dickerson 1977) , cabbage (Radcliff & Chapman 1966) , and tomato (Sinha & McLaren 1989) . Reports of host plant resistance against S. exigua are not as common as those for T. ni, but resistant genotypes have been identified in tomato (Juvik & Stevens 1982) , soybean (Talekar et al. 1988) , chrysanthemum (Yoshida 1989) , and celery (Griswold 1984) .
Although multiple-pest resistance is generally considered more desirable than single-pest resistance (Smith 1989) , the resistance we have documented in A. graveolens against S. exigua would still be useful in an IPM system. Insecticide resistance has been documented in S. exigua populations (Brewer & Trumble 1989) , and the increasingly popular biological insecticides derived from Bacillus thuringiensis (Berliner) are not as effective against S. exigua as they are against pests such as T. ni (Moar et al. 1990) .
Given the development of insecticide resistance and increasing public concern over the use of broadspectrum insecticides, host plant resistance will undoubtedly gain a more prominent role in the control of these pests. Our results illustrate how characteristics important in host plant resistance can vary among closely related plant genotypes (i.e., within a variety) ·and that a combination of resistance traits may be necessary to develop commercial celery cultivars resistant simultaneously to S. exigua and T. ni.
